Additional index words. to ma to, wild germplasm, callus production, shoot for ma tion, quantitative traits Abstract. Estimates of genetic variability for in vitro culture traits among the genus Lycopersicon and evaluation of the gene ef fects involved in callus production and shoot formation were achieved. Five par ents in clud ing wild and cultivated tomato genotypes and their nonreciprocal 10 pos si ble hybrid com bi na tions were assayed. The callus per cent age (C = number of cul tures that only produced callus × 100 / total number of cultures), the regeneration per cent age (R = number of cul tures that dif fer en ti at ed into shoots or pri mor dia × 100 / total number of cultures) and the pro duc tiv i ty rate (PR = total number of shoots / total number of cultures) of each genotype were calculated 45 days after culture ini ti a tion. Diallel analysis revealed genetic vari abil i ty for in vitro culture response. Wild gen o types contributed to a reduction in callus pro duc tion and an increase in shoot for ma tion while the cultivated genotypes either had an opposite effect or did not modify the ex pres sion of culture traits. Hybrids had the lowest callus production and highest shoot formation percentage. Additive gene effects were main ly involved in the ex pres sion of C and R, while both additive and nonadditive gene effects were involved in expression of PR.
gen o type were selected for in vitro experiments 40 d after sowing.
In vitro culture. Explants were obtained from the third completely expanded leaf below the apex. Leafl ets were sectioned in 6-10 pieces of 5 mm diameter, disinfected with 96% ethanol for 5 s and 4% sodium hy pochlo rite for 4 minutes. Explants were rinsed three times in distilled water and cultured abaxial side down in 48-mL tubes containing 10.5 mL of the Murashige and Skoog (1962) salts and vi ta mins supplemented with 30 g·L -1 sucrose, 1 µM indol-3-acetic acid and 10 µM N 6 -benzylaminopurine. The pH of the culture medium was adjusted to 5.8 before the ad di tion of 9 g·L -1 purifi ed agar (Sigma). Cul tures (n = 463) were incubated in an ac cli ma tized room at 25 ± 2 °C and a 16-h pho to pe ri od of 1500 lux according to a com plete ly ran dom ized design, in which plants (N = 60) were the replications.
Data analysis. The callus percentage (C = number of cultures that only produced callus × 100 / total number of cultures), regeneration percentage (R = number of cultures that dif ferentiated into shoots × 100 / total number of cultures), and productivity rate (PR = total num ber of shoots / total number of cultures) were evaluated for each genotype 45 d after culture initiation. Hence shoot formation was as sessed in two different ways: R for measur ing the frequency of regeneration and PR for mea sur ing the amount of regeneration. The normal distribution of each variable was test ed ac cord ing to Shapiro and Wilk (1965) . Mean values of C, R, and PR were classifi ed by Duncanʼs multiple range test.
The diallel analysis for the three variables was performed following the Eberhart and Gardner (1966) fi xed model:
where µ = the parentsʼ mean, p i = the parent effect, θ = 0 for parents and 1 for hybrids, H m = the average heterosis, h i is the parent het ero sis, s iiʼ = the specifi c heterosis, and e iiʼj = the error term. The average het ero sis, the par ent heterosis and the specifi c het ero sis are the components of the mid-parent het ero sis (H), which is computed as H = H m + h i + h iʼ + s iiʼ for a particular cross. The general com bin ing abil i ty of each parent (g i ) was ob tained by g i = 1/2 p i + h i , being this value equivalent to that from method Four of Griffi ng (1956) .
Results and Discussion
In vitro callus proliferation and shoot for ma tion were observed from explants of all genotypes. Shapiro-Wilk test (Shapiro and Wilk, 1965) revealed that C, R, and PR were normally distributed (W = 0.92, P < 0.05 for C; W = 0.91, P < 0.01 for R; W = 0.80, P < 0.01 for PR). Differences among the genotypes were detected for C, R and PR (Table 1) .
The existence of genetic variability for callus production and shoot formation, was detected among a set of homozygous and hybrid Lycopersicon genotypes (Table 2) . Hybrids had higher mean values of re gen er a tion percentage and productivity rate than the parents with methods of quantitative genetics are powerful tools to measure genetic variation and gene effects involved in a metric trait, assuming the hypothesis that a polygene sys tem underlies the trait (Griffi ng, 1956) .
The goal of this research is to estimate the genetic contribution of wild and cultivated tomato genotypes to in vitro culture traits. The current study was designed to evaluate the existence of genetic variability and gene effects involved in both in vitro callus pro duc tion and shoot formation, since partition of genetic variation into its additive and non ad di tive com po nents is an important step in de ter min ing the most adequate breeding strat e gy for the traits. The degree of het ero sis and both general and specifi c combining abili ty were eval u at ed.
Materials and Methods
Plant material. Five homozygous geno types, cultivar 'Caimantaʼ, an inbred line homozygous for the mutant allele nor ('Aʼ) and an inbred line homozygous for the mu tant allele rin ('Bʼ) of the cultivated tomato, and the wild accessions LA1385 of L. esculentum var. cerasiforme and LA722 of L. pimpinellifolium, were crossed in a nonre cip ro cal diallel combination (Eberhart and Gardner, 1966) . Seeds of the fi ve parents and 10 hybrids were sown in seeedling trays under greenhouse conditions during Sept. 1999 at the fi eld station "José F. Villarino" (Facultad de Ciencias Agrarias UNR, Zavalla, Ar gen ti na, 33°S and 61°W). Four plants per To whom reprint requests should be addressed. E-mail: gpratta@fcagr.unr.edu.ar Dedifferentiation of tomato (Lycopersicon esculentum Mill.) leaf explants into callus, followed or not by shoot formation is de pen dent on genotype, culture medium and phys i o log i cal stage of the donor plants (Hamada, 1998; Zorzoli et al., 1993) . Intra and in ter spe cifi c variability for callus proliferation and shoot regeneration has been widely reported in the genus Lycopersicon, and different ex per i ments demonstrated that cultivated gen o types had a lesser shoot formation than their wild relatives (Pratta et al., 1997; Tal et al., 1977) . Consequently, wild species of Lycopersicon could be a valuable germplasm to enhance tomato shoot formation by introgressing spe cifi c genes (Rick and Yoder, 1995) .
Although genetic control of in vitro culture traits was investigated in various crops (Kuroda et al., 1998; Nestares et al., 1998; Nesticky et al., 1983) there is not enough information regarding quantitative studies on in vitro compe tence of Lycopersicon species (Faria and Illg, 1996; Frankerberger et al., 1981) . An a lyt i cal performance being more evident in crosses involving at least one wild parent. However, the F 1 ('Bʼ x 'Caimantaʼ) also had relatively high values of R and PR (Table 2) . Ranges of variation within hybrids (from 20.0 to 76.8) and within parents (from 33.3 to 89.5) were quite similar for callus production, with the hybrids having the lowest values. This preliminary result suggested that additive ef fects were mostly involved in the expression of this trait. However, for shoot formation the range of variation within hybrids (from 19.8 to 80.0 for R and 0.5 to 5.6 for PR) was larger than within parents (from 7.5 to 46.5 for R and 0.2 to 2.9 for PR; Table 2 ). The wider genetic variation showed by the hybrids indicated that nonadditive effects were involved in this trait.
Estimates of parent effects (p i ), parent heterosis (h i ) and general combining ability (g i ) are in Table 3 . For C, the parentsʼ mean (µ) was 63.5 and the average heterosis (H m ) was -10.6 (the hybridsʼ mean was 52.9). For R, µ = 30.1 and H m = 16.4 and for PR, µ = 1.0 and H m = 1.0 (the hybridsʼ means were 46.5 and 2.0, respectively). Estimates of the spe cifi c com bin ing ability (s iiʼ ) and the midpar ent het ero sis (H) are in Table 4 . Mid-parent heterosis was signifi cant for all in vitro traits ( Table 1 ). The partition of the heterosis effects showed that none of the components was sig nifi cant for the callus percentage, the average heterosis was signifi cant just for the re gen er a tion per cent age, and the parent and specifi c heterosis were highly signifi cant only for the pro duc tiv i ty rate. According to these results, the diallel analyses confi rmed the former prop o si tion regarding the genetic effects in volved in the determination of the traits. Shoot formation was always indirect, i.e. explants dedifferentiated into callus before regenerating. Most explants callused but only a few genotypes produced shoots, making the callus and regeneration percentage almost comple men ta ry. However, some 'Bʼ ex plants failed to produce callus and shoots (Table 2) . Pratta et al. (1997) concluded that ded i f fer en ti a tion, e.g. callus production, appeared to be a common fact among Lycopersicon gen o types whereas shoot formation was restricted to certain genotypes. Hence, negative het ero sis of callus percentage could be assigned to the highest shoot formation of the hybrids. Christianson and Warnick (1983, 1988 ) divided the process of organogenesis into three phases, based on the temporal re quirements of explants: acquisition of com pe tence, de ter mi na tion for producing an organ, and de vel op ment of that organ. As measured in this ex per i ment, the regeneration percentage be comes an assorting assessment of shoot for ma tion, so that genotypes could be classi fi ed into "com pe tent shoot formers" and "in com pe tent shoot formers". This variable would assess bi o log i cal events related to the fi rst and second phases of organogenesis (Christianson, 1987) . The signifi cant av er age heterosis de tect ed for re gen er a tion sug gests that the par ents carry genes that di min ish the value of the trait. Hence, it was ex pect ed that high fre quen cy of shoot for ma tion is restored in the crosses. This fact was already suggested by Tal et al. (1977) , who also included wild species in their ex per i ment, and justifi es the non signifi cant parent and specifi c heterosis found in the present study for the re gen er a tion percentage. High frequency shoot for ma tion would be inherent to the het erozy gous con ditions per se and common to all hybrid com bina tions, es pe cial ly when wild tomato species are included as the hybridsʼ parents. It would be possible that hybrid performance is support ed by an increase in their competence and de ter mi na tion for shoot formation due to gene com ple men ta tion tak ing place in the het erozy gous genotypes.
The productivity rate represents a quan tify ing assessment of shoot formation. Since it measures the magnitude of organ de vel op ment, it would asses biological events related to the third phase of organogenesis (Christianson, 1987) . For this variable, the parentsʼ mean was not different than the hy bridsʼ mean, as it was shown by the lack of statistical signifi cance for average heterosis (Table 1) . Crosses of certain parents showed distinctive performances, such as those in volv ing 'Aʼ with low productivity or LA722 with high productivity. This performance was validated by the signifi cant parent heterosis (Table 1) . Specifi c heterosis was also sig nifi cant for productivity rate. The two hybrids with the highest values, F 1 ('Caimantaʼ x LA1385) and F 1 ('Bʼ x LA722), also had great er specifi c heterosis. The specifi c het ero sis is the same as specifi c combining abil i ty of Griffi ng (1956) and measures non ad di tive gene ef fects. In fact dominance and over-dom i nance infl uenced the magnitude of shoot for ma tion.
General combining ability was sig nifi cant for the regeneration percentage and high ly signifi cant for the callus percentage and produc tiv i ty rate (Table 1) . This mea sure ment is the average performance of a parent in hybrid combinations, and is gen er al ly accepted as an estimation of additive gene effects (Griffi ng, Table 1 . Analysis of variance of the callus percentage, the regeneration percentage, and the productivity rate according to the fi xed model of Eberhart and Gardner (1966) NS, *, ** Nonsignifi cant or signifi cant at P < 0.05 or P < 0.01, respectively. 1956). Although this fact would disagree with the signifi cant het ero sis found for the three variables, non ad di tive gene effects also ap pear to account for general combining ability according to the partition proposed by Eberhart and Gardner (1966) . The nonadditive effects would be mainly due to the parent heterosis component (see the respective formulae in Materials and Methods section). Frankerberger et al. (1981) reported the absence of heterosis effects and a signifi cant general combining ability for shoot-forming capacity in a diallel cross among selected tomato genotypes, but in their experiments wild germplasm was not included. In the present study, wild gen o types LA1385 and LA722 had negative val ues of general combining ability for callus per cent age, and positive values for re gen er a tion per cent age and productivity rate. Hence, these parents increased not only the fre quen cy of shoot formation but also its magnitude. Cul ti vat ed genotypes 'Caimantaʼ and 'Aʼ had an opposite performance, reducing the mor pho ge net ic response. Values of general com bin ing ability of 'Bʼ were very near to zero, so that it did not have a noticeable effect in modifying the in vitro culture response. The quantitative approach for studying callus production and shoot formation in Lycopersicon detected the existence of ge net ic variability for these in vitro culture traits. Mainly additive gene effects underlie callus production and both additive and non ad di tive gene effects underlie shoot for ma tion. Het ero sis was a signifi cant genetic com po nent for determining in vitro culture com pe tence. In consequence, a small response to artifi cial selection would be obtained from this set of genotypes because of the minor additive effect underlying tomato shoot for ma tion. If an in crease in this trait is desired, a breeding strat e gy involving crosses among wild and cul ti vat ed genotypes should be ap plied in or der to exploit large heterosis effects. Table 3 . Estimates of the parent effect (p i ), parent heterosis (h i ) and general combining ability (g i ) of the callus percentage (C), the regeneration per cent age (R), and the pro duc tiv i ty rate (PR) according to the fi xed model of Eberhart and Gardner (1966) 
